This work presents a model for calculation of magnetotransport properties of thin manganite layers in ferromagnetic phase. Monte Carlo simulations were employed, along with a generic model based on the double exchange mechanism in order to obtain the behavior of resistivity depending on the temperature and external magnetic field, as well as the field dependence of the magnetoresistance. The model is useful for obtaining resistivity curves which are characteristic in the manganite family. Experimentally observed behaviors, such as the appearance of a maximum magnetoresistance for temperatures near the critical value, and a resistivity maximum shift as the magnetic field is applied, were found. Resistivity phenomena were associated with hysteresis curves.
Introduction
The discovery of colossal magnetoresistance (CM) in the manganite (1− ) x compounds, where A is a rare earth element (for instance La, Pr and Y) and B is an alkaline earth element (Sr, Ca and Ba among others), has stimulated extensive studies of magnetic, structural and transport properties of these materials. These compounds are interesting not only for their potential technological applications in sensors and memory devices but also for the basic science challenges since their unusual properties represent very interesting information for our understanding of transition-metal oxides [1] . The structure of these compounds is perovskite-type in orthorhombic or rhombohedral unit cells, depending on the doping level x. An interesting work was carried out by Jonker and Van Santen (1950) [2] , whom synthetized a great amount of these compounds for the first time, finding a very broad range of magnetic phases. This behavior was explained by the presence of the Mn 3+ and Mn 4+ ions. Furthermore, metal-insulator transitions related to Curie temperature were also found. C. Zener [3] explained this electrical behavior in terms of the double exchange model. Subsequently, Anderson and Hasegawa [4] solved this model for a case through a semi-classical approach. Moreover, Monte Carlo method has been widely used for studying magnetic systems at the atomic level, as is observed in the literature [5] [6] [7] . In this work, a generic model based on the double exchange mechanism is proposed to study the electric transport in manganite-type structures with 0.2 < < 0.5 doping. This model was used to analyze the ferromagnetic-paramagnetic transition which is presented in an approximately cubic cell lattice. Normalized resistivity is calculated assuming an inversely proportional relation with the sample average probability of an electron to jump to the nearest magnetic neighbors. This simple model reproduces important features found in real manganite compounds where the double exchange mechanism has been proved to play a dominant role; which is the case of the 
Theoretical Framework
The double exchange model considers an electron hopping effective interaction between eg levels of Mn nearest-neighbor ions represented by an energy . An electron jumps from a Mn 3+ ion to an intermediate oxygen atom, and another electron jumps from it to a Mn 4+ first nearest-neighbor ion. Hence, the double exchange name is given to this electron movement. It is considered that in this process, the electrons keep their spin projection. The system is defined as a lattice of ionic sites with a = 3/2 spin and eg itinerant electrons that cause the electric transport. The Hamiltonian proposed by Zener has the following form:
Here, † creates an electron at i-th site with spin parallel to , ⟨ , ⟩ denotes the nearest-neighbor pairs which are only counted once, and is the hopping amplitude. Anderson and Hasegawa [4] solved this Hamiltonian using a semi classical approach, where the =3/2 are magnetic moments considered as vectors with defined directions in the 3D space. According to these authors, the following effective Hamiltonian is obtained between neighbors of sites i and j,
with the effective hopping given by
is the angle between magnetic moments of the i-th and j-th ions. The hopping probability exhibits a maximum value when the magnetic moments are aligned in parallel, and it exhibits a minimum value when the alignment between the nearestneighbor ions is antiparallel. According to this behavior, the ferromagnetic (FM) order favors the mobility of the itinerant electrons.
Model implementation
Simulations were based on a generic Heisenberg model [8] , [9] , which describes the interactions between manganese atoms in a cubic structure within a tridimensional lattice of ⨯ ⨯ 2 , being L the dimension in the x and y axes and
The process was repeated lowering the temperature in a range chosen to ensure a disorder-order change in the FM system. As a second part of this work, hysteresis loops were simulated. From the calculation of these observables, it was possible to determine magnetization curves depending on the temperature and magnetic field.
Once the relaxation on the Monte Carlo process was reached, the resistivity of the system was calculated for each temperature (or magnetic field). It is assumed that the probability of an electron to jump from an l site to an m site is given by
where 0 is a proportionality constant that normalizes the probabilities of jumping to the first nearest-neighbors, and it is given by 0 = (∑ ) −1 , ( runs over the six first nearest-neighbors).
is the angle between the spins associated to and sites. According to this equation and being consistent with the aforementioned double exchange mechanism, the probability of jumping to one of the nearest-neighbors is higher when the spins are more parallel aligned, and it is lower for antiparallel directions. According to Drude's model [11] , the resistivity is taken proportional to the time needed for an electron to reach a given distance through the material in the electric field direction. In the case of these simulations, it is assumed that the average resistivity of the sample is inversely proportional to the average hopping probability calculated in all of the magnetic sites. This hopping probability is obtained by averaging over 20 sample configurations in the equilibrium for each temperature. A flow chart for the magnetoresistance calculations is presented in figure 1 . The resistivity simulations imply the following assumptions: First, the number of carriers is independent from temperature and electric field; second, the temperature lattice distortion is negligible, and the Lorentz force is not significant due to the short mean free path. The magnetoresistance was calculated for a given magnetic field h with the following equation [12] :
In the simulations, J was set as 1, redefining the unit of temperature T as (J/K B ) (being K B the Boltzmann constant), the magnetic field h and the anisotropy constant = 0.5 were considered in units of J. The selected parameter values assure a paramagnetic/ferromagnetic transition, which is necessary for studying the effect of magnetization on resistivity. The influence of temperature on the resistivity of the magnetic system is determined by the magnetic order reached at each temperature, as well as the double exchange mechanism. This mechanism is appropriate for explaining resistive phenomena observed in perovskite-type manganites, such as LSMO. In Figure 2 (a) it is shown the simulated curves for resistivity as a function of temperature for different values of thickness of the magnetic layer. It can be seen in the obtained curves that the resistivity always increases as the temperature increases, this is a characteristic property of metallic materials as reported by LSMO film (100 nm) [13] . The comparison with the simulated curves suggests that there is a good agreement between the double exchange interaction model and the resistivity phenomena in this material. The shifting to greater values of resistivity with the increasing of the thickness is due to the lower critical temperatures reached for the thinner layers. The increase in the resistivity and the decrease in the critical temperature as the dimensionality decrease can be attributed to the increase in the disorder. This behavior is due to the carries placed close to the surface have fewer sites to hop, reducing the localization length. Other possible cause of disorder is the presence of the mixed valence of Mn ions (Mn 3+ and Mn 4+ ) that also possess different orbitals for eg electrons [14] . The variation of the resistivity with the reciprocal of the thickness at ( / ) = 0.5 is shown in Figure 2 (b). It is identified an increase of 40% of the resistivity values when the thickness is increased from 2 = 1 lattice parameter units to an asymptotic value (bulk). Those percentages are approximately representative for the entire simulated temperature range. According to the inset of figure 2(b) , the surface core ratio of ions is higher for low thickness than for high thicknesses. It makes that the disorder produced by the surface has greater influence for lower thicknesses. As it is expected, the change of the resistivity exhibits a maximum value around the Curie temperature. This can be deduced from the magnetization and magnetic susceptibility vs. the reduced temperature ( ⁄ ) curves (Figure 3 ). This is represented by the peak on the magnetic susceptibility curve, which determines the transition temperature. It can be seen a correspondence between this peak and the maximum value of the velocity change on the resistivity. This behavior can be explained from the double exchange model, according to which, the probability of jump between two magnetic sites is greater, as the corresponding magnetic moments were more parallelly aligned. It follows that the highest rate of change in resistivity will occur in the region where the order (ferromagnetic)-disorder(paramagnetic) change occurs most rapidly near the critical temperature. Experimental reports for LSMO thin layers are in accordance with this behavior. For instance, in [15] , magnetization vs. temperature curves are shown for a LSMO (250 nm) thin film, indicating a ferromagnetic behavior. Therefore, both its critical temperature (~360 K) and its saturation magnetization at low temperatures (10K) ( ~ 580 emu/cm 3 ) are similar to the typical values of LSMO in massive state [15] . On the other hand, the resistivity shows to be increasing with temperature, with a point of inflection in the curve near the critical temperature, which is a behavior qualitatively similar to the one found in the simulated curves. Figure 4 shows resistivity depending on the temperature for three different magnetic fields. It can be seen, from these curves, that there is a temperature-shifting as the magnetic field increases. This is also observed in curves obtained by experimental investigations; this shifting can be associated to a ferromagnetic ordering at higher temperatures caused by the magnetic field [16] , [17] . This ordering at higher temperatures, generated by an external magnetic field, can completely change the resistive behavior of the material. For example, the application of magnetic fields over PCMO manganite (insulator at any temperature) can generate the metallic phase at temperatures lower than the critical, with the application of some few Teslas [18] . Simulated magnetoresistance was obtained as a function of temperature for three different magnetic fields ( Figure 5 ). They exhibit a maximum near the critical temperature which increases with the magnetic field magnitude. The changes rose up to a maximum of 22% for the considered magnetic fields. These changes in resistivity by the application of a magnetic field constitute one of the main characteristics in the family of manganites; they are explained by the double exchange mechanism and the ferromagnetic-paramagnetic transition that takes place. A higher magnetic field at a particular temperature causes a higher alignment of magnetic moments and, hence, a lower resistivity [19] . Resistivity depending on the magnetic field curves were simulated for several magnetic field values in a hysteresis cycle, as it is shown in Figure 6 (a). The curves presented two different behaviors: First, for temperatures T>TC, resistivity takes a maximum corresponding to zero magnetic field; second, for T<TC, resistivity has two maximums associated with the order-disorder transition. In the last case, the transition occurs for negative and positive values of the coercive field (HC) as is presented in Figure 6 (b). Moreover, the spins are aligned and oriented in the magnetic field direction, helping the mobility of delocalized electrons, _ , and the material has a ferromagnetic -metallic state [16] . For T > TC, as the temperature is increased, the order is gradually lost, making difficult the electron mobility. In this range of temperatures, the resistivity trajectories related to increasing and decrea-sing magnetic field in the hysteresis cycle are practically the same. On the other hand, for T < TC these two trajectories are different, exhibiting a hysteretic behavior [20] . It was observed that the differences in the peaks' shape depend on the temperature. As the temperature decreases, peaks exhibit a sharper drop of the resistivity as the magnetic field is increased (in both, positive and negative directions). This is a typical characteristic of normal CMR behavior [21] . It is also due to the anisotropy was chosen in the positive direction of the x axis. As mentioned before, and according to Figure 6 , the distance between the peaks in the resistivity curves matches with the width in the magnetization (hysteresis) curves. The coercive field in the magnetization curves corresponds to the magnetic field required for turning the magnetization zero. At this point, the system may exhibit a strong disorder that entails to a great increase in the resistivity, which is observed as a maximum around HC [22] . As it is expected, these hysteresis phenomena become more relevant, increasing HC and the saturation magnetization for lower temperatures, as shown in Figure 7 [23]. This increase is specifically caused by a decreasing in the disorder that favors the FM phase. As it is also observed, HC practically disappears at around TC.
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Conclusions
Resistivity simulations were performed in thin layers of manganite type FM structures, taking into account the effects of varying in temperature and the magnetic field. The model presented combines a Heisenberg Hamiltonian, the double exchange mechanism, the Drude's approximation, and the Monte Carlo method. This model allowed obtaining resistivity curves and are in accordance with the experimentally observed in these compounds. In general, the resistivity curves obtained presented a strong dependence on the temperature and the magnetic field, associated to the FM/PM transition that takes place. At lower temperatures, there is a greater FM order, which generates a greater hopping probability between magnetic sites, and therefore, a lower resistivity. Likewise, for a fixed temperature, a greater magnetic field entails to a greater order and thus, a lower resistivity. The simulations corresponded with behaviors observed in this kind of compounds.
